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High Birefringence Liquid Crystals for Laser Hardening and IR Countermeasure 

1. Objectives: 

d^^ett^ttirt'."^*'' ^'.°^T 'T '^'^''°P ^'^^ birefringence liquid crystal (LC) materials and fast-response 
devices for laser hardening and infrared countermeasure. 

2. Status of Effort: 

^Ltsur?'"^ ' ""'^ ^°^^'' """"^""^ ^'"^""'^ ""^"'"^ ^°' ''''''^*"^ fast-response time for laser hardening and 

3. Accomplishments 
3.1 Motivation 

For laser beam steering using optical phased arrays, a fast-response liquid crystal is needed. We have develooed a 
polymer network liquid crystal (PNLC) which exhibits a fast response thne at room temperature Lrmrared to the 

o^rCviage        ' °"   '''^''"''°"" '"' '' '"P™^^'^ '^ -'"'''■ T^^ ^^deoff is'the requiremTof a Wghe; 

3.2 Polymer Network Liquid Crystal (PNLC) 
Liquid crystal/polymer composites could appear in network or droplet form depending on what polvmer and 
concenfration is employed. Liquid crystal droplets could be found when the polymer'concentraSon is h^^^^^^^^ 
l^Lt   I '^on'^eftration regime (<15 ^%), the polymer exists as chaClike networks. The pol^fr field 
improves the response time; however, the associated light scattering is quite strong in the visible reS Such 
devices exhibit an anisofropic light scattering behavior and have potential for reflective d^lay andTelecorS 
applications. Recently a sfressed LC cell comprising of 14 wt% Nolan-65 polymer was dILnstatLTo eS bH 
&st response time. In this approach, no surface alignment is required. However, a delicate sheaiS^^ process is needed 
m order to suppress hght scattering. The operating voltage for a 20 pm E7 cell is -135 V 

We have developed a fast-response homogeneously-aligned polymer network Tiquid crystal (PNLC) cell 

completely. The measured response time is less than 2 ms for a 27i phase change at X=\ 55 um and T 91 °r iZ 

3.2.1 Experimental 

To fabricate the PNLC cells, we first mixed a few percent of photocurable monomer to a nematic LC host The 

a?S"Zf Tr:''" ^'^ ''"'^*'=''' '^^^^" ^° ^'''' ™''«*^^*^«- The inner surfaces of trSdkim-tM 
(ITO) glass subsfrates were over-coated with a thin polyimide layer and buffed in anti-parallel Sc ions for 
a hievmg homogeneous alignment. The filled cell was then exposed to UV light for curingle poT™^^^^^^^^ To 
el minate light scattering, we need to control the domain sizes to be smaller than the SS A^eak nv 
mtensity would result m coarser polymer networks which, in turn, lead to larger domain sizTS welxposedVh! 
LC/monomer mixture using a high UV intensity (7-45 mW/cm^) The exposure time is ^0 min Thrr'Jl   F    i 

tSt Lie ml 'f ^^^^^^ *' voltage-off state. In a voltage-on state, the polymer network! eSa torque 
to resist ttie LC molecules from being reoriented by the elecfric field As a rpsnlt th^ tL^ch^iA     u      • ^ , 
s^m^My. Once ,he .,ec«. Md if „mcve4 Js.ong.Z^^l^.t-^^h^t^^^i^X" 

For laser beam steenng atX-h55 ^m, both refleclive and transmissive phase modnlate can be used To 

fnTa^^S^fc-^SSe^;^^^^ 
rerV/'^''*' *' experimental setup for studying the electro-optic effects of the reflective and transmissive PNLC 
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S™St iLhtTe T r   .n^    . !r! ^''"'T °^*' '^'^ ^^ ^* ^5° *° *^ polarization axis 

nejwo* domain s™ is sB. ,o„ !^.~hr,r^::,«g^ar^rsr ™i«^^^^^ *7r r'^' 
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ngnt,     5, /, and 10 wt/o. The cell gap for the reflective cells is 5 ^m. ;i=1.55 jxm and T=2\ "C 
3.2.3 Results and Discussion 

a=3.3.a.,3.o,,„spe„i„,.L..rr;:L°;Lr;;:i;^r 



mterest of keeping operating voltage low, we operated the LC modulator from 5= In (where V = V^) to 0 rv=0'» 
Also mcluded in Figs. 3 (a) and (b) (gray lines) for comparisons are the 7.7-nm and 12 S-um E44I1IS wkhout 
polj^er. The tljeshold voltage of the E44 cells is -0.9 V... From the measured totaf ph" frlt rl^n   h^^^ 

tot7nT?0 Th f' 'f '"'^ ^'^-'•'^ ^^ ^-'^ """■ ^" *^ °*^^ ^^"^' *^ ^" °f ^^^ PN'LC cell was measured 
to be An~0.19. The lower An ongmates from the imbedded 10% polymers. This result indicates that the polvmer 

increased to 20 and -24 V^^, respectively. The increased threshold voltage unplies that the LC molecules are tiehtlv 
anchored by the polymernetworks. In Figs. 3 (a) and (b), the peak transiSttance of the PNLC cdl is sSiil     o A t 
of the pure E44 cells. This indicates that the light scattering is negligible. We also measured  LwavekneA 
dependent transmittance of the 12.5 ,m cell. Scattering is strong in the'visible region but becomes n'gSf at 
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rirrn ■ ^t'^t'^T'^'"' '■'^''*'"'' ^'^ '"'^ transmittance (b) of E44 (gray lines) and PNLC (dark lines) cells 
The cell gap for the reflective and transmissive cells is 7.7 Mm and 12.5 fim, respectively. ;t=1.55 Mm and S »C 

Figures 4(a) and (b) show the measured decay time (sohd lines) of the reflective and transmissive PNLC cells The 
open circles are fittings with exponential phase decay: ^(0 = 2. exp(-. /.). Good agreement is found. The tfme 

constant (at 1/e) for the 7.7-Mm reflective cell and 12.5-Mm transmissive cell is t=296 MS and 755 us respectivelv If 

E44 cell, the response time is improved by ~300X The rise time n 0-^. qn<v r^h.Jl ^1,     \ ,    7  ^ 
ms for the transmissive PNLC Jll operating from 0 to 90 V^T ^^'^ ^'' """""'"'"^'° ^' ~^-^ 

Time, ms 

Figure 4. Measured phase decay time of the reflective (a) and ttansmissive IK) PNTr ™.i.   ^ rj v 
expenmental data aud open circles are fitting results. In (a), i=296 ^s7„3 ,™;i ™S2?-C Jtl.S'n,"' 

n.W.Ve .ssumed'Sr^Sa" leT2.5'"F   ifi^i;:'^  SK"-2T2 .Tp'^h^M?? I"'^" '' '"' 
AS and „ Of B« do not change Jcansc the pure .C i^Se^S^s   Ll'I'S S'p:;!" M t 



r rSpJiT r T'ZJ'^'n'.'^'TJ'' ^-^^^ "^^^"^' ^^'''^^ ^ "^"'^^ ^''''' '^''^y time. The expected effective 
rlli^l? ""T^" V^iP^^™"^*' ^'"^^^ ^'^"^^°P*g- 5 (b)' ^^ fi"d K„=4800 pN andK33=50000 pN 
The simuktion results imply that the strong anchoring force of polymer network in bulk LC area dramatically 
mcreases the effective K value. The LC molecules in the polymer network domains become stiffer and moreTfficuh 
to be reoriented by the electric field. A small portion of the bulk LC molecules near the boundaries of the network 
domam may not rotate at all, which results a lower phase change in the high voltage regime 

Figure 6 shows the temperature dependent birefringence of the transmissive E44 PNLC cell at X=1.55 jim. 

The dots represent the experimental data and solid lines are fittings with Haller's equation A« = An„ (1 - J/ T )^; 

where An„ is the birefringence at T=0 and ^is a material parameter. From the fittings, we find An  =0 255 and 
y0=O.187. " 
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Figure 5. The simulation results of E44 (a) and PNLC (b) cells. Solid lines are experimental data 
and open circles are fitting results. T=21°C and X=l .55 urn. 

0.20    - 

40 60 80 

Temperature, °C 

100 

Figure 6. Temperature-dependent birefringence of the E44 transmissive PNLC cell. d=12.58 nm. 

prepare'd^y'V^'o 9T0 t'dT'lT' """ T' *' T""''" "^^'^ ' '"^ "<^^*^g^ ^- ^he 8-^m PNLC cells were preparea at Vb 0, 0.9  1.0, and 1.1 V„^, as shown m Figure 7. The high threshold voltage is reduced when V -n 0 
V    and eliminated when V > 1.0 V^. The tradeoff is that the response time is slighti% ea'ed T^^^^^^^  Iha,^ 
needs to be optimized m order to maintain the maximum phase change and fast rc^nsIZe ' 



Voltage, y^^^ 

Figure 7. Voltage-dependent reflectance PNLC cells cured with different bias voltage. The cell gap 
for the reflective cells is 8 ^m. ^=1.55 ^m and T=21 "C. '=' B f 

To reduce the operating voltage while retaining the required 2n phase change, we could increase the LC 
birefrmgence and dielectric anisotropy (As). Figure 8 shows the simulation results of tL PNLC ceU as An fndfs 
mcrease^The V. could be reduced to 54.5 V if An is increased to 0.3. as shown in Fig. 8 (arWe    u d lower both 
V^ and V,, by usmg a bgher As material. The V,. is decreased gradually as As increases, as shown in Fig sTb) 

Thn, fn    TT'^'r ^"'' '^''' *'' *' ^^^P°"^^ '^' °f *^ PNLC cell is Imearly ^roportiZlto L cell eap 
cieraC        ''''"'"" ' ^"'^^ '^'^"'^^ '^^^^° °P^^^*'"S ^^^^^^ -^ -P-- ^i- needs to bt taklfnTo 

re.ion'tSe tctZt ^"""^T ''" u 'T''' ^° ^'^ '"' ^"'^ '"^^ ^"^ ^P^^^' ^^-^^ I" ^he long wavelength 
wf..;H f i  ?    T ^"f'''' tT''.'''' ^•'^ '^' ^^Sht scattering becomes less significant. To obtain 27t phase chanS 

rn^r tLt:Sin'2^^^^- ''- '™^' ^^" ^^^ -"-''^ ^^^^ ^° ^ ^^^^^^ ->-B- ^O reduce voL^ wetS 
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Figure 8. The simulation results of PNLC cell with different An (a) and As  (h)  The fitting 
parameters: K„=4800 pN, and K33=50000 pN. X=1.55 /im. ^^' ^ 

We have demonstrated fast-response and scattermg-free reflective and transmissive PNLC phase modulators The 
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